The role of high-frequency eddy forcing in the Southern Hemisphere Annular Mode (SAM) is diagnosed with the use of the 21-yr (1979-1999) NCEP/NCAR daily reanalysis dataset. The SAM is described as a meridional vacillation of the polar jet. The present study focuses on a zonally localized sector, 30 W-120 E, where both the polar jet and high-frequency eddies are dominant. In the maintenance of the extreme phases of the SAM, two positive feedback processes play important roles. The storm tracks move with the polar jet between the extreme positions of the polar jet. The displacement of the storm tracks sustains their anomalous positions. Together with this process, the alternation of the horizontal eddy structure also plays a role in the maintenance of the extreme phases. The southeast-northwest tilt of eddy is emphasized when the polar jet resides at higher latitudes, as has been mentioned in earlier studies. The southeast-northwest oriented eddies transport momentum to higher latitudes, keeping the jet in the higher latitudes.
Introduction
It is well known that, on intraseasonal and interannual time scales, the Southern Hemisphere Annular Mode (hereafter referred to as SAM) is a dominant phenomenon appearing in the Southern Hemisphere (e.g., Rogers and van Loon 1982; Kidson 1988b; Karoly 1990; Nigam 1990; Kidson and Sinclair 1995; Thompson and Wallace 1998, 2000) . The SAM is recognized as a meridional vacillation of the polar jet (Kidson and Sinclair 1995; Lorenz and Hartmann 2001) . Its behavior is detected in the zonal mean zonal flow anomaly pattern, exhibiting two equivalent barotropic centers of action at 40 S and 60 S, whose variations are negatively correlated with each other (Yoden et al. 1987; Kidson 1988a; Hartmann and Lo 1998; Itoh et al. 1999) .
In the time spectrum of the SAM, no dominant peak is detected; the spectrum displays a distribution curve of Gaussian red noise with a correlation e-folding time of about 10 days (Hartmann and Lo 1998) . This red noise spectrum implies that the extreme phases of the SAM persist during long, but random time periods with transitional events occurring rather suddenly.
Many researchers have investigated the processes of sustaining the extreme phases. A number of observational (Hartmann and Lo 1998; Feldstein and Lee 1998; Lorenz and Hartmann 2001) and numerical studies (Yu and Hartmann 1993; Robinson 1991 Robinson , 1996 Kidson and Watterson 1999; Limpasuvan and Hartmann 1999, 2001; Kimoto et al. 2001; Tanaka 2003) have suggested that positive feedback processes between the polar jet and highfrequency eddies (synoptic time scale eddies) are important in sustaining the extreme phases of the SAM. Two positive feedback processes have been proposed. One is the influence due to the shear of the polar jet. It is widely agreed that the meridional shear of the jet critically affects the horizontal structure of highfrequency eddies (Simmons and Hoskins 1980; Thorncroft et al. 1993; Nakamura and Plumb 1994; Peters and Waugh 1996; Lee and Feldstein 1996; Dong and James 1997a, b; Hartmann and Zuercher 1998; Akahori and Yoden 1997; Esler and Haynes 1999; Hartmann 2000; Tanaka and Tokinaga 2002) . It was confirmed by Hartmann and Lo (1998) that eddies tend to be strongly elongated in a southeast-northwest direction when the polar jet is displaced poleward from the wintertime climatological position. When the polar jet is displaced equatorward of the climatological position, the eddies tend to be elongated in a south-north direction. Eddies shaped southeast-northwest, and southnorth elongations are analogous with the LC1-and LC2-type of synoptic cyclones (Thorncroft et al. 1993) or the P2-and P1-type of synoptic anticyclones (Peters and Waugh 1996) , respectively. The LC1-and P2-type eddy breaking are found frequently in environments where anticyclonic shear is dominant, while LC2-and P1-type are observed where cyclonic shear dominates. When high-frequency eddies break as LC1-or P2-type, westerly momentum is transferred to higher latitudes. When they break as LC2-or P1-type, poleward momentum flux is suppressed. These momentum flux anomalies due to high-frequency eddies reinforce the ambient shear of the polar jet, i.e., the anomalous positions of the polar jet (Yu and Hartmann 1993; Hartmann 1995; Hartmann and Lo 1998) .
The other positive feedback process is induced by the displacement of the storm tracks. It has been observed that the storm tracks shift either south or north as the polar jet moves south or north (Karoly 1990; Kidson and Sinclair 1995) . If the storm tracks move sufficiently poleward, the largest zone of westerly acceleration due to high-frequency eddies also shifts poleward, sustaining the poleward anomalous position of the polar jet. On the other hand, sufficient equatorward displacement of the storm tracks results in an equatorward shift of the maximum westerly acceleration zone to maintain the equatorward anomalous position of the polar jet.
Both the positive feedback processes associated with the horizontal structure of highfrequency eddies and the position of the storm tracks can be important in the atmosphere. It has never been evaluated, however, which process is dominant. If the storm tracks move north-south with the same change in latitude as the polar jet, the positive feedback process due to the movement of the storm tracks dominate. However, the change in the horizontal shape of the eddy would make little contribution, since the meridional shear along the storm tracks does not vary. On the other hand, if the position of the storm tracks moves less latitudinally than that of the polar jet, the shear along the storm tracks would strongly change. That is, the contribution due to the horizontal shape increases, while that due to the storm tracks decreases. The relative importance of these processes will be quantitatively evaluated in the real atmosphere. This is one of the major purposes of the present study.
The variations of eddy momentum flux due to high-frequency eddies are important to the transitional events between the extreme phases as well as for the maintenance of the extreme phases (Shiotani 1990; Feldstein and Lee 1998; Kidson and Watterson 1999; Lorenz and Hartmann 2001) . With use of a general circulation model, Kidson and Watterson (1999) demonstrated that amplified momentum flux anomalies drive these transitions of the polar jet, and are followed by peak values of heat flux anomalies, which reinforce the zonal wind anomalies against friction. The factor that produces such momentum flux anomalies, however, is not sufficiently understood, while Kidson and Watterson (1999) suggested that anomalous activity of high-frequency eddy is associated with the peaks of the momentum flux anomalies. For example, are the meridional fluctuation of the storm tracks or the change of eddy horizontal shape important in the momentum flux anomalies like them for the extreme phases? Furthermore, there is a possibility such that some other processes induce these momentum flux anomalies. To better understand the dynamical processes of the transitional events, the behavior and temporal evolution of high-frequency eddies during transitional periods are investigated in detail.
To describe the interaction between the polar jet and high-frequency eddies in detail for the extreme and transitional phases, the present analyses are focused on a zonally localized sector where both the polar jet and the eddy activity are prominent. It has been emphasized that the SAM exhibits zonally symmetric patterns. Therefore, a number of studies analyzed the zonal mean field (e.g., Hartmann and Lo 1998) . However, one may notice that both the polar jet and the storm tracks are localized in the Eastern Hemisphere (see, e.g., Figs. 7.10 and 7.11 of James 1994). It is of interest to revisit maps of the polar jet and the storm tracks for the wintertime climatology. Figure 1 shows horizontal wind velocities on the 300-hPa surface, where two jet streams are found. One is the subtropical jet extending from the Indian Ocean to the eastern Pacific Ocean along the 30 S latitude circle. The other is the polar jet in the middle latitudes over the eastern Atlantic Ocean and the Indian Ocean. Storm tracks are observed along the polar jet (Fig. 1) . Both the polar jet and storm tracks are prominent over the Indian Ocean. For this reason, focus is centered on this sector, 30W
-120 E (hereafter referred to as the local-sector). The same analyses mentioned below have been applied to the other longitudinal sector, 120 E-30 W (hereafter the other-sector). The results over the other-sector will be described briefly.
Section 2 describes the data and methodology of the study. The extreme and transitional phases are defined in section 3. The eddy-jet feedback processes in the extreme and transitional phases are precisely described in sections 4 and 5, respectively. Summary and discussion are given in section 6.
Data and methodology
Use is made of the wind data from the National Centers for Environmental Prediction/ National Center for Atmospheric Research (NCEP/NCAR) daily reanalysis (Kalnay et al. 1996) for the austral winter (June, July and August), between 1979 and 1999. The grid resolution of the data is 2.5 in both longitude and latitude. The mean seasonal cycle is obtained by a 31-day moving averaged 21-yr daily climatology. Before analysis, departures of this mean seasonal cycle from the wintertime climatology are removed from all variables.
Temporal filters (Ghil and Mo 1991) are applied to the data and two time series are extracted having time scales longer than and shorter than 10 days. These two time series are examined in the present study. The latter is referred to as high-frequency eddy and indicated by the prime ( 0 ) in expressions given below. The overbars () denote the averaged values for each period of interest.
Several methods as shown below are utilized to evaluate the statistical characteristics of the high-frequency eddies. Large values of highfrequency eddy kinetic energy (hereafter EKE) are considered to indicate the storm tracks. The EKE is defined as
where u 0 and v 0 are the zonal and meridional wind velocities, respectively.
The zonal flow tendency on the 300-hPa surface qU qt HF , which is induced by the convergence of the relative vorticity due to highfrequency eddies, is evaluated by qU qt
where v 0 and z 0 denote the eddy horizontal velocity vector and eddy relative vorticity, respectively (Holopainen et al. 1982; Nakamura 1992) . The right hand side of the equation means the tendency of the meridional gradient of the streamfunction perturbation induced by the accumulation of the eddy relative vorticity due to the eddy motion. This method has the advantage of filtering small-scale noise that pollutes the estimate of zonal flow tendency.
The horizontal shapes of high-frequency eddies are evaluated by the method derived by Hoskins et al. (1983) . In this method, a vector is defined (hereafter referred to as the anisotropic vector). Its length and angle relative to the meridional axis represent the statistical anisotropy and major extending direction of the eddies, respectively. The vector is the eigen vector of the anisotropic matrix that is derived from the covariances among zonal and meridional wind velocities of the eddies. The angle relative to the meridional axis is referred to as y, which is given by
An eddy extending in the southeast-northwest direction would have a positive value of y, while a southwest-northeast oriented eddy has a negative value.
To describe the westerly momentum flux due to high-frequency eddies, the meridional component of the local E-P flux on the 300-hPa surface is examined (Hoskins et al. 1983; Trenberth 1986) . The local E-P flux is given by
Here, ÀE u is the westerly momentum flux of high-frequency eddies, and the relative group velocity of the eddy is parallel to E u .
The definition of the extreme and transitional phases
Many studies have shown that the SAM is detected as the first mode of the empirical orthogonal function of the zonal mean zonal wind variation (e.g., Hartmann and Lo 1998). The principal mode (Fig. 2) exhibits centers of opposite polarity at 40 S and 60 S, and displays equivalent barotropic structure as mentioned in previous studies (Limpasuvan and Hartmann 2001 and references therein). The principal mode represents 42.4% of the total variance. This mode denotes the north-south displacement of the zonal mean zonal wind maximum, which is climatologically located at 50 S in the wintertime (e.g., Lorenz and Hartmann 2001) . Thus, the time series of the normalized principal component of this mode (hereafter referred to as EOF-1) is regarded as the index representing the SAM.
Using the EOF-1 introduced above, the high latitude jet (HJ) and low latitude jet (LJ) phases are defined. The HJ phase occurs when the EOF-1 has a value greater than 1.5, since the polar jet is displaced far poleward. The LJ phase is defined by the threshold value À1.5 of the EOF-1. Each period of an extreme phase tends to continue for a number of days. Therefore, an estimation is made of the statistical degrees of freedom using the correlation efolding time of the EOF-1. It is noteworthy that there is a difference between the degrees of freedom for HJ and LJ. For HJ, the number of samples is 78, corresponding to 17 degrees of freedom. However, those for LJ are 182 and 37, respectively, being more than twice as large as those for HJ. These differences are caused by the skewness of EOF-1, which is found in Fig. 6 of Hartmann and Lo (1998) . That is, the thresholds that define the extreme phases are intuitively placed at the same distance from zero (1.5 and À1.5) irrespective of the nonsymmetric distribution of EOF-1. Although the skewness itself is very interesting, a detailed analysis of it is beyond the scope of the present study. There is the possibility, however, that this skewness affects the validity of the analysis in the present study. To assess the effect of the skewness on the present results, the same analysis is conducted using thresholds of the EOF-1 b 1 and EOF-1 a À1, where the difference in the number of samples and degrees of freedom are greatly reduced. The results of this test show basically the same results as will be mentioned below. It indicates that the effect of the skewness is not serious, at least for the analysis in the present study.
Poleward and equatorward transitional phases are also defined using the EOF-1 as follows. First, periods when the EOF-1 increases from À0.5 to 0.5 are selected as candidates of poleward transitional events. For each candidate, the first day when the EOF-1 exceeds zero is defined as the key-day. Finally, only periods when the EOF-1 increases monotonically during 7 days, i.e., between 3 days before and 3 days after the key-days, are selected and defined as the poleward transitional events. There are 18 such cases found in the 21-yr period analyzed. The equatorward transitional event is conversely defined. There are 21 such cases. The poleward transitional event and equatorward transitional one are hereafter referred to as PW and EW, respectively. The results given below are found to be robust for changes of these criteria.
Extreme phases
In this section, a series of examinations is conducted of several parameters related to the maintenance processes of the extreme jet positions for the HJ and LJ phases.
The difference in the position of the polar jet for the LJ and HJ over the local-sector is depicted in Fig. 3 . The polar jet moves from 42.5 S to 52.5 S between LJ and HJ, over a distance of 10 of latitude. While the subtropical jet is found at 25 S for HJ, the peak of the subtropical jet cannot be clearly shown for LJ, since the equatorward moved polar jet becomes connected to the subtropical jet. The displacement of the maximum zone of the zonal wind tendencies due to high-frequency eddies is well correlated with the movement of the polar jet (Fig. 4) . Westerly tendency peaks are found over 40 -45 S and 50 -55 S for LJ and HJ, respectively. The displacements occur over about 10 of latitude. Thus, the displacement of the maximum westerly tendency zone and that of the polar jet between LJ and HJ are almost the same in degrees of latitude. This result is reasonable, since Hartmann and Lo (1998) suggested that anomalous westerly tendencies due to high- frequency eddies sustain the zonal wind velocity anomalies for LJ and HJ. As shown in Fig.  3 , however, the EKE maximum travels only dc t ¼ 5 of latitude from 42.5 S for LJ to 47.5 S for HJ. This is much less than the displacement of the maximum westerly tendency zone, which is about dc a ¼ 10 of latitude. It implies that the contribution due to the migration of the storm tracks does not entirely reinforce the anomalous jet positions. Here, the difference between the displacement of the EKE maximum zone and that of the maximum westerly tendency zone is defined as dc 1 ¼ dc a À dc t ¼ 5 of latitude. As can be seen in Fig. 3 , the storm tracks reside on the no shear and anticyclonic shear areas of the polar jet for LJ and HJ, respectively. Therefore, it is anticipated that the horizontal structures of the eddies differ between LJ and HJ. The horizontal structure of eddies can be statistically depicted by y, the angle of the anisotropic vector relative to the meridional axis (Fig. 4) . High-frequency eddies for HJ tilt more strongly in a southeast-northwest direction (having larger y), and transport more westerly momentum poleward. This result is consistent with the composite shape of eddies shown in Hartmann and Lo (1998) . It is interesting that the positive angle area south of the storm tracks stretches poleward for HJ. This expansion of positive angle area, which indicates the area of poleward eddy momentum flux, would be associated with the difference of the latitudinal distance between the tendency peak and the storm tracks. For LJ, the latitudinal position of the tendency peak almost coincides with the storm tracks indicated by the EKE maximum. On the other hand, for HJ, the distance between the tendency peak and the EKE maximum is around 5 , about dc 2 ¼ 5 larger than the LJ phase. This poleward expansion of the positive angle area may be caused by the difference in the eddy structure between LC1-and LC2-type cyclones. The LC1-type cyclone exhibits not only an emphasized southeast-northwest tilt, but also more of a north-south expansion than the LC-2 type cyclone (Thorncroft et al. 1993) . Therefore, the LC1-type cyclone would transport eddy momentum over greater distance of latitude.
It should be recalled the fact that the latitudinal displacement of the EKE maximum is less than that of the maximum westerly tendency zone by dc 1 ¼ 5 , which nearly equals dc 2 as defined above. This result suggests that the displacement of the maximum westerly tendency zone, which is represented by dc a , is well accounted for by the combined effect of both the poleward shift of the storm tracks and the change in the eddy horizontal structure. The former effect can be evaluated directly from Fig. 3 as dc t , and the latter estimated from dc 2 .
Over the other-sector (120 E-30 W), westerly tendencies due to high-frequency eddies exhibits only about half the magnitude of that over the local-sector, and have little significant peak associated with the polar jet (not shown). Only in the local-sector, these two positive feedback processes seem to be effective forcing factors, although they have been found in previous analyses of zonal mean variables (e.g., Hartmann and Lo 1998) . Over the other-sector, other factors such as an advection of westerly momentum due to the ambient flow may be important in the maintenance of the extreme phase. The fuller study of this problem lies outside the scope of this paper.
Transitional phases
The ensemble averaged time evolutions of the polar jet for the PW and EW are displayed in Fig. 5 . At day À8 of the PW, the polar jet is located at lower latitudes such as the LJ, and connected to the subtropical jet. After that, the polar jet smoothly moves poleward away from the subtropical jet. Conversely for the EW, the polar jet drifts equatorward. In contrast with the polar jet that monotonously moves northsouth, the EKE pattern changes dramatically during each transitional phase (Fig. 5) , showing a remarkable fluctuation mainly in its magnitude rather than location. For the PW, the EKE intensifies until day 0 and attains its maximum value between day 0 and day þ4. For the EW, the EKE decreases and reaches a minimum at day þ4. The anomalous activity of eddy is generally in agreement with Kidson and Watterson (1999) .
To analyze the physical process of the transitional phases, the westerly tendency due to the high-frequency eddies (Fig. 6) , and the angle of the eddies (Fig. 7) are examined. For the PW, the zone of maximum tendency, which is initially located at 47.5 S at day À8, suddenly jumps to 55 S at day À2 and remains there until day þ6 (Fig. 6a) . This intensified westerly tendency may have been induced by the enhancement of the poleward westerly momentum flux due to the EKE maximum that concurrently appears. The angle of the eddies, y, rapidly increases between day À6 and day À2 (Fig. 7a) , contributing to the anomalous westerly acceleration at higher latitudes. The effects of the enhanced EKE, and the increased y are unified in the analysis using the meridional components of E u (Fig. 8a) . Positive values of E u , which indicate poleward momentum fluxes, are found in latitudes below 55 S at day À8. After day À6, the positive area expands poleward, and reaches 60 S concurrently with the maximum EKE and enhanced y. These results suggest that both the intensified EKE and larger y are responsible for the augmentation of the westerly momentum flux toward higher latitudes, where westerlies are reinforced. On the other hand, for the EW, the area of maximum westerly tendency rapidly moves equatorward, and reaches the lowest latitude, 42.5 S, by day 0, contributing to equatorward migration of the polar jet (Fig. 6b) . The minimum EKE, however, appears at day þ4. Therefore, the maximum tendency reaches the lowest latitude 4 days before the minimum EKE. The equatorward displacement of the maximum tendency before the EKE minimum is accounted for by diminished y at day 0 (Fig.  7b) . The value of y quickly decreases until day 0. This behavior of y accounts for the rapid reduction of positive E u until day 0 (Fig. 8b) , and the resultant anomalous westerly tendencies.
Over the other-sector (120 E-30 W), the pattern of westerly tendencies due to highfrequency eddies is similar with that over the local-sector, although its magnitude is smaller (not shown). During the transitional phases, the high-frequency eddy forcing simultaneously changes over the whole of longitude, while the largest amplitude of change is found over the local-sector where both the polar jet and the activity of eddies are prominent in the climatology.
Summary and discussion
The role of high-frequency eddies in the maintenance and transition of the Southern Hemisphere Annular Mode (SAM) has been investigated with use of the 21-yr (1979-1999) NCEP/NCAR reanalysis dataset. The present analyses focus on the eddy-mean flow interactions within a sector between 30 W and 120 E (local-sector), where both the polar jet and high-frequency eddies are prominent.
It is reconfirmed that the meridional displacement of maximum westerly tendency zone due to the convergence of high-frequency eddy momentum is responsible for sustaining the anomalous positions of the polar jet during the extreme phases of the SAM. Two positive feedback processes, the displacement of the storm tracks and the alternation of eddy horizontal structure, are found to contribute to the maintenance of the extreme phases, as mentioned in previous studies (e.g., Kidson and Sinclair 1995; Limpasuvan and Hartmann 2001) . Furthermore, those two feedback processes are . The storm tracks move north-south with the polar jet as mentioned by Kidson and Sinclair (1995) . The contribution from this movement, however, is not sufficient to sustain the anomalous positions of the polar jet, since the displacement of the storm tracks is only half that of the maximum westerly tendency zone.
. The measurement of the angle of the anisotropic vector for wind field enables us to estimate the importance of the contribution from the alternation of the eddy horizontal structure. The southeast-northwest tilt area, which indicates the area of poleward eddy momentum flux, south of the storm tracks expands during the high latitude jet phases, resulting in the increase of the latitudinal distance between the maximum westerly tendency zone and the storm tracks. It is found that the latitudinal distance between the ten- dency peak and the storm tracks stretches by about half of the migration of the maximum westerly tendency zone.
For the transitional phases of the SAM, eddy momentum flux anomalies are examined and found to be responsible for the north-south migration of the polar jet. This is in general agreement with previous studies (e.g., Shiotani 1990) . In the present study, stress is placed on examining the behavior of high-frequency eddies that results in these eddy momentum flux anomalies. The point of our result is that high-frequency eddies change their characteristics in a well organized manner, as mentioned below, when maximum and minimum poleward fluxes of eddy momentum appear in the poleward and equatorward transitional phases, respectively.
. EKE and the southeast-northwest tilt of highfrequency eddies are intensified in the poleward transitional phase. Both of these factors contribute to the maximum poleward flux of eddy momentum.
. For the equatorward transitional phase, the southeast-northwest tilt of high-frequency eddy is reduced when the minimum poleward flux of eddy momentum appears. The minimum EKE occurs 4 days later. Therefore, the minimum eddy momentum flux results from the reduced southeast-northwest tilt of the eddy, rather than the decreased EKE.
Earlier studies have suggested that eddy momentum flux anomalies lead to the transitional events (e.g., Kidson and Watterson 1999) . The above results further imply that these eddy momentum forcing anomalies are not stochastic forcing, since the high-frequency eddies are well organized during the transitional events. There should be other factors that control the lifecycle of high-frequency eddies. It would be worthwhile to explore the factors controlling the lifecycle of high-frequency eddies in order to better understand the transitional processes. In a forthcoming paper (Shiogama et al. 2003 , submitted to the Journal of Climate), the authors diagnosed the roles of low-and highfrequency eddies in the transitional process. It suggests that the low-frequency eddy forcing is also responsible for the transitional events. Eddy-eddy interaction between low-and highfrequency eddies may be an important factor that organizes the behavior of the highfrequency eddies. This problem is still open.
